Angioimmunoblastic T-cell lymphoma (AITL) is a rare, aggressive type of T-cell lymphoma (TCL) that accounts for 18.5% of mature T-cell or natural killer (NK)-cell lymphomas 1 .
Mutations in the IDH2, TET2, and DNMT3A genes, frequently seen in various types of cancer, have also been linked to AITL 2, 3 . However, the molecular mechanisms governing AITL development are largely unknown.
CD28 provides a costimulatory signal required for full T cell activation 4 . Although many studies have demonstrated the importance of CD28 costimulation in T cell function, the molecular mechanism underlying intracellular signal transduction triggered by CD28 ligation is poorly understood. We and other group have previously reported identification of a somatic mutation of CD28 gene, T195P, in AITL samples 5, 6 . Mutations in CD28 gene have been rarely reported in other types of tumor and may play important roles in tumorigenesis and progression of AITL considering the importance of CD28 in T-cell activation.
T195P substitution was found in 3 out of 9 AITL patients we initially examined. The mutation is located in the cytoplasmic region which indicated potential alterations in downstream T-cell receptor signaling as a consequence ( Figure 1A and B). To better estimate the mutation rate and determine subtype specificity among various categories of TCL, we expanded the patient cohort to include additional 40 AITL, 39 peripheral TCL not otherwise specified (PTCL-NOS) and 37 NK/T cell lymphoma (NK/T) cases ( Figure 1C ). Sanger sequencing of PCR products demonstrated a mutation rate of 10.2% (5 of 49) in the case of AITL (Supplementary Figure 1) . All of mutation-positive cases were heterozygotes for this mutation. Importantly, the CD28 T195P mutation was not found in PTCL-NOS or in NK/T cases indicating that this mutation is specific to AITL subtype. We also analyzed the F51V mutation in CD28 5 , but the CD28 F51V mutation was not found in 50 AITL cases.
Clinically, CD28 T195P mutation in AITL patients has no correlation with age, sex, Figure 2) .
We next explored the functional significance of T195P mutation in CD28. This mutation is located in the cytoplasmic region, next to the YMNM motif which associates with signaling proteins such as phosphatidyl inositol 3 kinase (PI3K), GRB2 and GRAP2 [7] [8] [9] ( Figure 1B ). PI3K regulates a number of signaling cascades through the phosphorylation of inositol lipids. GRB2 and GRAP2 are involved in CD28-mediated IL-2 promoter activation and NF-κB activation 10 . CD28 becomes tyrosine-phosphorylated by Src family kinases such as Lck and Fyn and by Tec family kinases such as Itk 7, 11 . Phosphorylation of a tyrosine (Y191) within an YMNM motif and an PYAP motif in the cytoplasmic domain of CD28 permits recruitment of the signaling proteins, which bind to the receptor via their SH2 domains 7, [12] [13] [14] [15] . We first analyzed the binding of signaling proteins to the cytoplasmic domain of CD28 (Figure 2A ). GST pull-down assay showed that binding of PI3K (p85/p110) to the cytoplasmic domain with T195P mutation decreased compared to the level seen with the wild type CD28. However, the binding of GRB2 and GRAP2 to the cytoplasmic domain containing T195P mutation increased either with or without phosphorylation of tyrosine (Y191). These results indicate that the substitution of 195 th amino acid from threonine to proline in CD28 changes the binding of multiple signaling proteins and thus likely the signaling mediated by CD28.
We next analyzed the effect of the CD28 T195P mutation on cell proliferation. Jurkat (human T cell acute lymphoblastic leukemia) cells transfected with the construct expressing CD28 T195P showed an approximately 15% higher proliferation rate than cells expressing wild-type CD28 either with or without costimulation ( Figure 2B and Supplementary Figure   3 ). This result indicates that the T195P mutant is likely constitutively active in T-cell stimulation and promotes cell proliferation.
Next, we examined the phosphorylation of AKT, mTOR and ERK. These proteins are involved in intracellular signaling pathways required for CD28-mediated costimulation of T cells. CD28-mediated costimulation led to increased AKT, mTOR and ERK phosphorylation ( Figure 2C ). Importantly, cells expressing CD28 T195P showed increased AKT, mTOR and ERK phosphorylation relative to cells expressing wild-type CD28 even without stimulation.
These results are consistent with that mutant CD28-mediated signaling is constitutive. We also analyzed the effect of CD28 T195P mutation on cytokine production of T cells ( Figure   2D ). Expression of CD28 T195P mutant in Jurkat cells enhanced production of interleukin 2 (IL-2), a key cytokine for T-cell proliferation, compared to wild-type CD28 after costimulation with anti CD3/CD28 antibodies indicating that CD28 T195P mutant promote proliferation via increasing the expression of IL-2. Because NF-κB pathway plays a prominent role in CD28-mediated T cell signaling, we analyzed the effect of CD28 T195P mutation on NF-κB signaling ( Figure 2E ). Expression of CD28 T195P mutant in Jurkat cells enhanced luciferase activity about 20% compared to wild-type CD28 after stimulation with PMA/ionomycin. We also examined the effect of mutation on NF-κB activation after stimulation by anti-CD3 and CD28 antibodies and found that activation was also obtained with antibody treatment albeit at slightly lower levels (data not shown). This result indicates that the T195P mutant enhances NF-κB signaling.
In sum, we have isolated a recurrent mutation of CD28 and explored mechanistic implications in T cell lymphoma development. The CD28 T195P mutation was unique to AITL and led to up-regulation of TCR signaling. Clearly, further detailed mechanistic analyses are required to fully decipher the significance. Still, our preliminary functional characterization of CD28 T195P mutation represents an important step toward understanding the molecular mechanism underlying AITL carcinogenesis. T195P mutation in CD28 gene is oncogenic in nature and thus likely will be a genetic marker for AITL and a potential target for cancer immunotherapies. T195P mutant enhances interleukin 2 (IL-2) production after costimulation with anti CD3/CD28 beads (P < 0.001 compared with cells expressing wild-type CD28). IL-2 production was measured three times, and data are expressed as mean ± standard deviation.
(E) Expression of CD28 T195P mutant activates NF-kB pathway with or without PMA/ionomycin (P/I) stimulation (P < 0.001 compared with cells expressing wild-type CD28). Luciferase activity was measured three times, and data are expressed as mean ± standard deviation.
